Abstract Dinitrogen reduction in the biological nitrogen cycle is catalyzed by nitrogenase, a two-component metalloenzyme. Understanding of the transformation of the inert resting state of the active site FeMo-cofactor into an activated state capable of reducing dinitrogen remains elusive. Here we report the catalysis dependent, site-selective incorporation of selenium into the FeMo-cofactor from selenocyanate as a newly identified substrate and inhibitor. The 1.60 Å resolution structure reveals selenium occupying the S2B site of FeMo-cofactor in the Azotobacter vinelandii MoFe-protein, a position that was recently identified as the CO-binding site. The Se2B-labeled enzyme retains substrate reduction activity and marks the starting point for a crystallographic pulse-chase experiment of the active site during turnover. Through a series of crystal structures obtained at resolutions of 1.32-1.66 Å , including the CO-inhibited form of Av1-Se2B, the exchangeability of all three belt-sulfur sites is demonstrated, providing direct insights into unforeseen rearrangements of the metal center during catalysis.
Introduction
The reduction of substrates by nitrogenase entails multiple cycles of association and dissociation between two component proteins for sequential transfer of electrons (Burgess and Lowe, 1996; Howard and Rees, 2006; Hoffman et al., 2014; Hageman and Burris, 1978) . In the transient complex, electrons are transferred from the [4Fe:4S]-cluster of the homodimeric Fe-protein to the MoFeprotein in a reaction requiring adenosine triphosphate (ATP) hydrolysis (Burgess and Lowe, 1996; Howard and Rees, 1994) . The MoFe-protein, an (ab) 2 tetramer, contains two types of unique metal centers per catalytic ab-unit: the P-cluster [8Fe:7S] and the FeMo-cofactor [7Fe:9S:C:Mo]-R-homocitrate (Kim and Rees, 1992; Einsle et al., 2002; Spatzal et al., 2011) . The P-cluster is the initial electron acceptor with subsequent transfer to the FeMo-cofactor, one of the most elaborate metalloclusters found in nature and the catalytic center of biological nitrogen reduction.
For substrates and inhibitors to bind, the FeMo-cofactor resting state must be reduced by two to four electrons provided by the Fe-protein (Burgess and Lowe, 1996; Thorneley and Lowe, 1985) . The characterization of bound species including reaction intermediates has proven to be experimentally challenging due to the transitory nature of these states, inevitably leading to a recovery of the FeMo-cofactor resting state. While a number of studies have investigated substrate and inhibitor interactions (Lee et al., 1997; George et al., 1997; Pickett et al., 2004; Seefeldt et al., 2004; Davis et al., 1979) , only the recent crystal structure of Azotobacter vinelandii with the inhibitor CO (Av1-CO) has provided high resolution details of a bound ligand . In addition, the high symmetry and complex electronic structure of the FeMocofactor complicate spectroscopic studies (Spatzal, 2015) . Thus, an atomically explicit description of the catalytic mechanism remains obscure.
In this study, we have undertaken an alternative approach to follow events during catalysis by site-specifically introducing a reporter in the FeMo-cofactor ( Figure 1A , B, C). Because the S2B position of the active site can be reversibly replaced with CO , it represents a potential site for other substitutions by substrates and inhibitors. Se, a structural surrogate for S in [Fe:S] clusters (Meyer et al., 1992; Zheng et al., 2012) , has crystallographic and spectroscopic properties that make it an excellent probe, hence, potential Se containing compounds were investigated. Based upon the previous recognition, that thiocyanate (SCN -) is both a substrate and an inhibitor of nitrogenase (Rasche and Seefeldt, 1997) , we evaluated the kinetic properties of selenocyanate (SeCN -). We found SeCN -(pK a < 1 [Boughton and Keller, 1966] ) to be a poor substrate as measured by methane production (Figure 1-figure supplement 1) , a product also observed in thiocyanate (Rasche and Seefeldt, 1997) and cyanide (Li et al., 1982) reduction. In addition, SeCN -is a potent, yet reversible inhibitor of acetylene reduction with an inhibition constant 30 times lower than observed for SCN -(K i (SeCN -) = 410 ± 30 mM versus K i (SCN -) = 12.7 ± 1.2 mM (Figure 1-fig- ure supplement 2). In contrast to inhibition of acetylene reduction, proton reduction activity is retained, although at a decreased level (Figure 1-figure supplement 3) . By screening a range of experimental parameters, we found that Se from SeCN -could be incorporated into the FeMo-cofactor by incubating nitrogenase under assay (turnover) conditions with eLife digest The element nitrogen is required for all forms of life, and is an essential component of important biological molecules such as DNA and proteins. The most abundant form of nitrogen is dinitrogen, which comprises 78% of the Earth's atmosphere. However, dinitrogen is highly unreactive, and so the nitrogen must be converted into a more reactive form before it can be used biologically. The only known enzyme capable of carrying out this reaction is called nitrogenase, but how this enzyme performs this difficult task is still not understood. Enzymes contain a region known as the active site, to which substrates -the molecules that the enzyme acts upon -bind. The active site of nitrogenase contains a region called the FeMo-cofactor, which must transform from an inactive to an active state to catalyze the conversion of dinitrogen to ammonia.
Another substrate of the nitrogenase enzyme is a molecule called selenocyanate, which is made up of atoms of selenium, carbon and nitrogen. Spatzal, Perez et al. examined the structure of the active site of nitrogenase taken from the bacteria species Azotobacter vinelandii while the enzyme transformed selenocyanate. This revealed unexpected structural changes of the FeMo-cofactor that significantly challenge previous assumptions about how the active site works. For example, a single selenium atom from selenocyanate can be incorporated into a specific position of the FeMocofactor, which highlights the importance of this position for the enzyme's initial interaction with substrates.
Spatzal, Perez et al. then used the inserted selenium atom as a probe to investigate the changes in the active site structure that occur when either reacting with a substrate called acetylene or being inhibited by carbon monoxide. This revealed that selenium can migrate into the positions taken up by three of the FeMo-cofactor's nine sulfur atoms (the three "belt-sulfurs") during these interactions. The active site was not previously thought to be active in this way: this will need to be taken into account in all future models that describe how dinitrogen is converted into a biologically useful form.
In the future, Spatzal, Perez et al. will investigate in detail how these "belt-sulfur" atoms exchange with atoms from the substrate, where the removed sulfur is stored, and the pathway by which it returns. Further experiments will also characterize the active site during the transformation of dinitrogen. Source data 1. Numerical data for the graphs depicted in Figure 1D concentrations of SeCN -sufficient to inhibit acetylene reduction. The 1.60 Å resolution crystal structure of Av1 (Av1-Se2B), isolated from assays containing SeCN -( Figure 1A , B, C), revealed that Se quantitatively replaced belt-S position S2B in the FeMo-cofactor thereby generating the [7Fe:8S:1Se:Mo:C]-R-homocitrate cluster (FeMoSe-cofactor) form of the MoFe-protein. The essentially exclusive substitution of S2B by Se was validated by anomalous difference Fourier maps calculated from data measured at the Se-K edge f''-peak position of 12,662 eV ( Figure 1C ). At this resolution, no perturbation of the cofactor structure or its environment was detected, reflecting the small increase (3.8%) in the ionic radius of Se relative to S (Zheng et al., 2012) . Except for a low occupancy site (ranging from 0-20% under different conditions) adjacent to the previously identified potential sulfur-binding site (located~22 Å away from the FeMo-cofactor at the interface of the a and b subunits ), no other Se sites were identified in the anomalous difference Fourier map. Significantly, Av1-Se2B retains acetylene and dinitrogen reduction activity when compared to native Av1 ( Figure 1D ,E), with the difference that the activity time course for Av1-Se2B with acetylene and dinitrogen exhibits a longer initial lag phase than for native Av1 ( Figure 1D inset, E). Consequently, the ability to prepare site-specifically labeled FeMoSe-cofactor provided the starting point for a structural investigation of the active site during substrate (acetylene) turnover.
To trace the inserted Se-label, we developed a method to terminate the acetylene-turnover reaction at defined time points by freeze quenching (fq) followed by sample workup for crystallographic investigation. Crystal structures of the enzyme were determined at seven time points after initiation of substrate turnover corresponding to 2 to 5360 acetylene reduced per active site. These structures (designated Av1-Se-fq-2 to Av1-Se-fq-5360), at resolutions of 1.32-1.66 Å , represent the first example of time-dependent structural snapshots of the nitrogenase active site during turnover (Figure 2A , B). (Note: Av1-Se2B refers to the selectively labeled active site, while Av1-Se refers to Se substituted Av1, where the site of Se in the FeMo-cofactor is not specified).
The time course series of crystallographic data demonstrates a correlation between enzyme catalysis and the migration of Se from its initial Se2B site into the two remaining belt sulfur positions (S5A and S3A). Consequently all belt-S atoms of FeMo-cofactor, separated by 5.7 Å in the resting state, can interchange during substrate (acetylene) reduction (Figure 2, Supplementary file 1A) . The Se migration from S2B favors S5A over S3A at the earliest time points (Figure 2 , Supplementary file 1A), but whether this reflects an ordered sequence or a more complex mechanism cannot be established from these data. Remarkably, with a sufficient number of catalytic turnovers (several thousand, Figure 2A ), the total Se is lost and apparently replaced by S, leading to a recovery of the original FeMo-cofactor ( Figure 2B ). Neither the source of this S, nor the pathway(s) by which Se exits the MoFe-protein, have been identified. The observation that Se2B can migrate to S5A and S3A and is ultimately chased from the cofactor, clearly implies that all three belt-positions are labilized during the reduction of acetylene. In contrast, little or no migration of Se2B was observed during proton reduction.
Our previous study of CO inhibited Av1 found replacement of S2B by CO . The CO inhibition of Av1-Se2B during catalytic turnover has the potential to evaluate both the reactivity at the Se2B site and the location of the displaced chalcogen. The Av1-Se-CO structure at a resolution of 1.53 Å revealed that Se2B was ca. 90% replaced by a bridging CO with a geometry nearly identical to that observed for Av1-CO (Figure 3) . Unexpectedly, Se was not expelled from the FeMo-cofactor but migrated to the other two belt positions with ca. 88% overall retention (Se occupancy: 10% (x2B; where x reflects a mixture of S and Se), 35% (x3A) and 44% (x5A)). This result augments our findings from acetylene turnover, namely that the catalytic state of the cofactor capable of interacting with CO is similar to that which reacts with substrates. In contrast to the simple model of CO displacement and loss of S from S2B previously envisioned , the path of net loss of sulfur from the cofactor is through either one or both of the other belt positions.
The incorporation and migration of the site-specific reporter, Se, demonstrates unanticipated dynamics of cofactor elements, specifically that the belt sulfur atoms, S2B, S5A, and S3A, can interchange and exchange with exogenous ligands under turnover conditions. The lability of the S2B position towards ligand exchange in non-resting states of the FeMo-cofactor highlights the likely role for the Fe2-Fe6 edge as a primary interaction site for substrates and inhibitors. Both CO and Se from SeCN -, with different chemical properties, are incorporated at this site. Significantly, the side-chain residues flanking this position were previously identified to be catalytically important as demonstrated by mutagenesis studies (Benton et al., 2003) . The lack of substrate or inhibitor binding to the FeMo-cofactor resting state could be the result of the sulfurs serving as protecting groups that shield the iron core (Howard and Rees, 2006) . The displacement of belt S in the catalytically active reduced states would effectively de-protect these Fe sites, thereby activating them for reaction with substrates. The interchange of all belt-S atoms is suggestive that substrates may also migrate to different sites of the trigonal six-iron prism during catalysis. While the underlying mechanism(s) are not known, one can speculate this may involve a twisttype mechanism interconverting trigonal prism and octahedral forms of the six-iron core, where swapping Fe-S bonding partners in the latter would result in interchange of the belt-S.
Our results indicate that the resting state structure of FeMo-cofactor does not capture key features of the catalytic state, and a detailed understanding of how nitrogenase reduces dinitrogen must include the role of cofactor rearrangements during turnover. Furthermore, the incorporation of selenium into FeMo-cofactor opens a novel route to probe the substrate reduction mechanism of nitrogenase by using its unique crystallographic and spectroscopic properties.
Methods

Cell growth and protein purification
Cell growth and protein purification were carried out as previously described (Spatzal et al., 2011; . The specific activity of Av1 was 2350 ± 100 nmol min -1 mg -1 and of Av2 was 2060 ± 55 nmol min -1 mg -1 when measured by acetylene reduction at saturation of each component. Protein concentrations were determined by absorbance at 410 nm using extinction coefficients of 76 mM -1 cm -1 for Av1 and 9.4 mM -1 cm -1 for Av2.
Acetylene reduction assay
Nitrogenase activity was determined by monitoring acetylene and ethylene in the headspace (9 mL) of reaction mixtures (1 mL) that consisted of 20 mM creatine phosphate, 5 mM ATP, 5 mM MgCl 2 , 25 units/mL phosphocreatine kinase, and 25 mM Na 2 S 2 O 4 , in 50 mM Tris/Cl (pH 7.5) buffer Wolle et al., 1992) . All reaction mixtures were made anaerobic (Schlenk line technique) and kept under an Ar-atmosphere. 1 mL of the headspace was replaced by 1 mL acetylene, followed by incubation for 5 min at 30˚C. The reaction was initiated by addition of the nitrogenase component proteins (Av2:Av1 = 4:1, active site ratio = 2:1, 0.125 mg Av1/0.135 mg Av2 per assay) and terminated at specific time points by the addition of 1 mL 3 M citric acid. Ethylene and acetylene in the assay headspace were measured by gas chromatography (activated alumina 60/80 mesh column, flame ionization detector). Calibration curves were constructed using defined amounts of acetylene in the headspace of protein-free assay mixtures.
N 2 reduction assay N 2 reduction was monitored by determining ammonia formation, based on a modification of the previously described fluorescence method (Barney et al., 2005; Corbin, 1984) . The 1.0 mL assay contained 20 mM creatine phosphate, 5 mM ATP, 5 mM MgCl 2 , 25 units/mL phosphocreatine kinase, and 25 mM Na 2 S 2 O 4 , in MOPS buffer (pH=7.5). The headspace (9 mL) of the assay vial was flushed with N 2 before incubation for 5 min at 30˚C. Reactions were initiated by addition of the nitrogenase component proteins (Av2:Av1 = 4:1, active site ratio = 2:1), and terminated at specific time points by the addition of 300 mL 0.5 M EDTA (pH=8.0). The liquid chromatography step in the previously described method was replaced by filtering the assay mixture (Amicon Ultra 3kDa centrifugal filter) and collecting the filtrate, subsequently used for fluorescence measurement using a Flexstation 3 plate reader (l excitation = 410 nm, l emission = 472 nm).
Proton reduction assay
Dihydrogen from proton reduction was measured by gas chromatography (molecular sieve 5A-80/ 100 column) equipped with a thermal-conductivity detector. The assay was identical to the acetylene reduction assay with the acetylene omitted. Ar was used as the reference/carrier gas. Calibration curves were prepared using 10% H 2 (balance Ar) as a standard.
CH 4 production based on KSeCN and KSCN
Methane, one product of the KSeCN and KSCN reduction, was determined by gas chromatography in the headspace of the assay as described above for the acetylene reduction assay. The assay mixture was identical to the acetylene reduction assay except that the acetylene was omitted and KSeCN or KSCN (0.05, 0.1, 0.2, 0.5, 1, 2, 5 mM) were added. Calibration curves were determined with pure methane gas.
Se2B-labeling of Av1
Av1-Se2B was prepared based on the above described proton reduction activity assay protocol in the presence of 25 mM KSeCN, providing conditions commensurate with full inhibition of acetylene to ethylene reduction. Av1-Se2B was isolated from the assay mixtures by ultrafiltration using a 100 kDa cut-off membrane and washed two times (dilution ratio of 1:100 each) with 200 mM NaCl, 50 mM Tris/Cl buffer pH = 7.5 containing 5 mM Na 2 S 2 O 4 to remove excess KSeCN. The protein was further purified by size-exclusion chromatography (Superdex-200, 450 mL, 50 mM Tris/Cl buffer pH = 7.5 containing 5 mM Na 2 S 2 O 4 ). The final protein concentration was adjusted to 30 mg/mL. Significantly, incorporation of Se required full nitrogenase turnover as SeCN -incubation with Av1 alone was ineffective; likewise, the non-substrate Na 2 Se failed to serve as a Se donor even when incubated under turnover conditions.
Freeze quench sample preparation
Av1-Se freeze quenched samples were obtained by applying the above described acetylene reduction activity assays, with the replacement of wild-type Av1 with Av1-Se2B. Additionally, an alteration of the protein concentration per assay as well as a variation of the active site ratio of Av2:Av1 = 1:2 to 4:1 was required to either slow down acetylene reduction for the isolation of samples corresponding to low numbers of turnover, or to allow for the isolation of high turnover samples and to ensure non-limiting assay conditions. Termination of protein activity at distinct time points was achieved by rapid freezing the activity assay mixtures in liquid nitrogen, simultaneously measured by the formation of ethylene from acetylene. Time points and corresponding numbers of turnover per active site (#) at given Av2:Av1 active site ratios for the prepared samples were: #2 (t = 0.05 min, Av2:Av1 = 1:2), #46 (t = 0.5 min, Av2:Av1 = 1:1), #341 (t = 2 min, Av2:Av1 = 1:1), #921 (t = 5 min, Av2:Av1 = 1:1), #1785 (t = 10 min, Av2:Av1 = 1:1), #2141 (t = 40 min, Av2:Av1 = 1:1) and #5361 (t = 80 min, Av2:Av1 = 4:1). The samples were subsequently processed at 3 o C. Av1 was isolated by ultrafiltration using 100 kDa cut-off membranes and twice was washed with 200 mM NaCl, 50 mM Tris/Cl pH = 7.5, 5 mM Na 2 S 2 O 4 buffer to remove other assay components. The final protein concentration was adjusted to 30 mg/mL and 21˚C for crystallization.
Av1-Se-CO sample preparation
For the preparation of Av1-Se-CO, CO-inhibited activity assays were prepared as described earlier with the substitution of Av1-Se2B for Av1 in the absence of acetylene. The inhibited activity assays were concentrated using an Amicon ultrafiltration cell with a 100 kDa cut-off membrane under 15 psi CO overpressure. The protein was concentrated to 30 mg/mL and subsequently crystallized in solutions saturated with CO .
Crystallization and data collection
Av1-Se2B and all Av1-Se freeze-quenched samples were crystallized based on the sitting drop vapor diffusion method at 21˚C in an anaerobic chamber containing a 95% Ar / 5% H 2 atmosphere. The reservoir solution contained 24-28% PEG 8000 (v/v), 0.75-0.85 M NaCl, 0.1 M imidazole/malate (pH 7.5), 1% glycerol (v/v), 0.5% 2,2,2-trifluoroethanol (v/v) and 2.5 mM Na 2 S 2 O 4 . Additionally, a seeding strategy was applied to accelerate the crystallization process and to optimize crystal shape. The cystals of the respective proteins (Av1-Se2B, Av1-Se-fq-2, Av1-Se-fq-46, Av1-Se-fq-341, Av1-Sefq-921, Av1-Se-fq-1785, Av1-Se-fq-2141, Av1-Se-fq-5361 and Av1-Se-CO) were obtained between 6 and 24 hr after setting up the crystallization experiment. Cryo-protection was achieved by transferring crystals into a 5 uL drop of reservoir solution containing 8-12% MPD (v/v). Diffraction data were collected at 12,662 eV (0.97918 Å , experimentally determined f'' peak position of the Se-K edge) at the Stanford Synchrotron Radiation Lightsource (SSRL) beamline 12-2 equipped with a Dectris Pilatus 6M detector.
Structure solution and refinement
The data were indexed, integrated, and scaled using iMosflm, XDS and Scala (Leslie, 2006; Kabsch, 2010; Winn et al., 2011) . Phase information were obtained by molecular replacement using the 1.0 Å resolution structure (PDB-ID: 3U7Q) as a model. Structural refinement and rebuilding was carried out in REFMAC5 and COOT embedded in CCP4 (Winn et al., 2011) . All protein and active site structures were rendered in PYMOL.
Quantification of Se occupancies
Anomalous electron density maps were calculated based on the data collected at 12,662 eV using a combination of CAD and FFT embedded in the CCP4 program suite (Winn et al., 2011) . Quantification of Se/Fe/S anomalous electron densities at 12,662 eV (f'' (Se) = 3.84 e; f'' (Fe) = 1.50 e; f'' (S) = 0.24 e) based on the refined structural models was performed using a MAPMAN-dependent script, allowing a free choice of radius of integration and B-factor cut-off, as described previously (Einsle et al., 2002; Spatzal et al., 2011; . The quantification of Se-occupancies was carried out by determining relative anomalous densities arising from Se within an integration sphere radius of 1.0 Å at the respective position based on the anomalous difference Fourier maps. This strategy was shown to be the most robust approach for density quantification within the FeMo-cofactor (Spatzal et al., 2011; Spatzal, 2015) . Comparison of the integrated Se-density values to the average anomalous density values for a full occupancy iron atom, taking into account the differences in f" for Fe and Se at 12,662 eV, yielded Se occupancy values. A total of 30 iron atoms (2x7 Fe from the two copies of FeMo-cofactor, and 2x8 Fe from the two copies of P-cluster per Av1 heterotetramer) were used for averaging and yielded the internal reference for anomalous scattering at 12,662 eV. The standard deviation between anomalous density values for the Fe-atoms was 4%. No adjustments were made for variation in B factors since the Fe and S components of both metalloclusters have similar values (average and standard deviation = 9.3 ± 1 Å 2 for isotropically refined B-factors in the Av1-Se2B structure). For Fe and S in the FeMo-cofactor, the corresponding B values are 9.0 ± 0.4 Å 2 , with the B for Se2B = 9.9 ± 0.5 Å 2 and the average B for the entire protein structure = 13.8 Å 2 .
Quantification of Se-occupancies was further improved by including the contribution of the residual anomalous density of sulfur, with the anomalous scattering of S being 6.3% that of Se (f''(S)/f''(Se)) at an energy of 12,662 eV. The largest deviation between Se-anomalous densities observed for the two crystallographically independent copies of FeMo-cofactor was found to be~5%, which provides an estimate of the uncertainty in the occupancy values. The root mean square value of the anomalous electron density map is~2% of the Se peak value, which sets a lower threshold on the minimum occupancy that can be detected at this site.
